suggest that oceanic heat anomalies in high latitudes may be a useful predictor of atmospheric variability.
Introduction
There is a growing evidence that Arctic sea ice anomalies influence mid-latitude weather and climate through coupled changes in the polar jet stream, planetary waves and storm tracks (e.g., Cohen et al. 2014; Vihma 2014) . In particular, autumn-to-winter atmospheric circulation, temperature and snowfalls in northern continents seem to 'remember' Arctic sea ice extent during the previous summer (Francis et al. 2009; Honda et al. 2009; Overland and Wang 2010; Jaiser et al. 2012 ). This link is, however, not robust (Hopsch et al. 2012; Screen and Simmonds 2013) . A relation of anomalous winter weather extremes over Eurasia to the concurrent anomalies of Arctic sea ice extent is more significant (Tang et al. 2013) . The wintertime atmospheric conditions over Eurasia are particularly sensitive to disturbances of sea ice cover in the Barents Sea (Petoukhov and Semenov 2010; Inoue et al. 2012; Kim et al. 2014; Mori et al. 2014 ). The latter is a shelf sea on the eastern side of the Nordic (Greenland-Iceland-Norwegian and Barents) seas (Fig. 1a) .
A regional coupled sea ice-ocean model indicates that the annual mean sea ice extent in the Barents Sea is significantly linked to anomalous volume transport of Atlantic water through the Barents Sea opening (BSO) 1-year earlier (Årthun et al. 2012) . Observations show that 50 % of variability in the annual mean Barents Sea ice cover, which is dominated by wintertime ice anomalies, can be Abstract A lagged regression analysis between an index of observed summertime Atlantic water temperature (AWT) variability at the entrance to the Barents Sea in the period 1982-2005 and year-round atmospheric (NCEP/NCAR) reanalysis data is used to show that subsurface oceanic heat anomalies in high latitudes are significant precursors of wintertime atmospheric variability in middle latitudes. In particular, positive AWT anomalies precede predominantly westerly wind anomalies in high latitudes and easterly wind anomalies in middle latitudes. The mid-latitude wind anomalies, while being generally equivalent barotropic in the upper troposphere, have a strong low-level baroclinic contribution over Eurasia. The near-surface easterly wind anomalies in this area are locally deflected southward, maintaining cold spots near orography. The summertime oceanic anomalies explain about 40 % of the variance in the surface air temperature averaged over Eurasia from 35° to 45°N and about 50 % of the variance in surface winds over the Far East Asia in the following winter. We suggest that the remote connections arise from reorganization of the mid-latitude storm tracks. The AWT anomalies explain about 60 % of the variance in the upper-tropospheric storm track activity averaged over the Pacific and Eurasia from 35° to 55°N and in the lower-tropospheric poleward synoptic eddy heat flux over western Eurasia. Finally, we show that the AWT-associated wintertime atmospheric anomalies appear in quadrature with the concurrent anomalies associated with the North Atlantic Oscillation. These findings predicted up to 2 years in advance from the ocean heat transport through the BSO (Onarheim et al. 2015) . The wintertime variability of sea ice cover in the Barents Sea is not only influenced by changes in the Atlantic water transport, but also by anomalies of Atlantic water temperature (AWT). The latter are either advected from the North Atlantic (Nakanowatari et al. 2014) or driven by local airsea interactions occurring in the Nordic seas region during the preceding winter-to-spring season (Schlichtholz and Houssais 2011) . Whatever their origin, the subsurface ocean temperature anomalies, which in summer are insulated from interactions with the atmosphere by a shallow seasonal pycnocline, are entrained into the deepening ocean surface mixed layer during the cooling season and subsequently affect sea ice formation. Using the NCEP Climate Forecast System Reanalysis (CFSR), Nakanowatari et al. (2014) show that 35 % of the sea ice concentration variability in the Barents Sea in November-December can be skillfully predicted by 1-year earlier upstream AWT anomalies.
A statistical analysis of oceanic observations in the period indicates that more than 70 % of the interannual variance of the total wintertime sea ice area in the Nordic seas region can be explained by AWT anomalies at the entrance to the Barents Sea in the preceding summer (Schlichtholz 2011) . When brought to the surface, oceanic heat anomalies influence not only the sea ice cover in the Nordic seas but also the local atmospheric conditions in this region (Schlichtholz 2014) . The sea ice and atmospheric anomalies may persist in winter because of a feedback between oceanically-driven wind anomalies and wind-driven AWT anomalies (Schlichtholz 2013) .
A question is whether remote effects of sea ice anomalies are modulated by interannual variability in oceanic forcing. The statistical analysis carried out by Nakanowatari et al. (2014) suggests that the answer to this question is positive. In particular, these authors show that surface air temperature anomalies regressed onto the leading mode of the canonical component time series of the NovemberDecember sea ice concentration in the Barents Sea associated with the 1-year earlier subsurface ocean temperatures in the Nordic seas exhibit a 'warm Arctic-cold Eurasia' pattern when the ocean temperatures are anomalously high and the sea ice extent is anomalously low (Nakanowatari et al. 2014, their Fig. 20a ). Here we provide a further support for the scenario in which subsurface oceanic heat anomalies in high latitudes are significant precursors of wintertime variability in middle latitudes. To this end, we regress seasonal mean atmospheric fields in the extratropical Northern Hemesphere from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al. 1996) onto an index of summertime AWT anomalies in the BSO area (magenta box in Fig. 1a) .
The study is organized as follows. Data and methods are described in Sect. 2. Main results are presented in Sect. 3. As we relate the large-scale atmospheric variability to oceanic anomalies in a small area (BSO), it is important to emphasize that these anomalies represent coherent oceanic variability in the entire Nordic seas region rather than random local fluctuations. This is done in Sect. 3.1 using a composite analysis of observed summertime temperature anomalies in the Nordic seas. Then, in Sect. 3.2, statistical relations of the summer AWT index to the large-scale atmospheric variability in the following winter are analyzed. The focuss is on air temperature and winds in the troposphere. Areas with significant remote anomalies are found in Central Eurasia, Far East and East Pacific/Alaska. Next, in Sect. 3.3, it is suggested, based on the analysis of synoptic variability, that these teleconnections are related to reorganization of storm tracks. A discussion follows in In a, the difference is between seven 'BSO warm summers' and seven 'BSO cold summers' corresponding to, respectively, the highest and lowest values of the AWT index (detrended time series from b). The composite means are calculated from data in 2 • latitude by 5 • longitude boxes. The difference is plotted only for the boxes in which the composite means are based on data from at least 10 hydrographic stations each. The red and blue contours represent positive and negative differences, respectively. The contour interval (CI) is 0.2 K. The zero contour is omitted. Pink and aquamarine shading denote positive and negative differences statistically significant at the 99 % confidence level, respectively. The thick black line shows the climatological summer ice edge (15 % sea ice concentration contour)
Sect. 4. An important finding, discussed in Sect. 4.1, is that the AWT-related circulation changes and the concurrent changes related to the most prominent mode of wintertime extratropical atmospheric variability in the Northern Hemisphere, the North Atlantic Oscillation (NAO), are uncorrelated during the analyzed period. This increases a potential for seasonal prediction based on summer AWT anomalies. A short comparison with some studies of atmospheric links to anomalous sea ice cover in the Barents Sea is presented in Sect. 4.2. It is then recognized, based on the analysis of sea surface temperature (SST) in the North Atlantic (Sect. 4.3) and Pacific (Sect. 4.4) , that some of the AWT-related atmospheric anomalies may represent or include an atmospheric response to oceanic forcing in other regions than the Nordic seas. Finally, conclusions are given in Sect. 5.
Data and methods

Ocanic data and composite analysis
Oceanic heat variability is represented by the summer (JJAS) time series of AWT constructed by Schlichtholz and Houssais (2011) (Boyer et al. 2006) . The temperature data were averaged over the Atlantic water core (100-300 m) in the BSO area (13-17 • E, 70-76 • N; magenta box in Fig. 1a ). The AWT index used throughout this study is defined as the time series of the linearly detrended anomalies of AWT from Temperature data from the ICES and WOD05 databases are also used in a composite analysis performed to compare subsurface ocean temperature variability in the BSO area and other areas of the Nordic seas, for most of which construction of a reliable time series is hindered by insufficient number of hydrographic stations. To this end, first seven 'BSO warm summers ' (1983, 1984, 1990, 1991, 1992, 2004, and 2005) and seven 'BSO cold summers ' (1985, 1986, 1987, 1988, 1997, 1998, and 2003) corresponding to, respectively, the highest and lowest values of the AWT index are selected. Then, composite means for the summer average temperature in the 50-150 m layer during these epochs are constructed using data from stations occupied not earlier than the beginning of June and not later than the end of September. The composite means are calculated for 2 • latitude by 5 • longitude boxes using only temperature profiles deeper than 150 m. The upper (50 m) depth limit excludes the surface mixed layer from the analysis. The lower (150 m) depth limit allows for extension of the analysis to shallow parts of the Barents Sea. Repeated stations or the same stations in both datasets are taken only once. For each box, stations with anomalies of average temperature in the 50-150 m layer exceeding 5 standard deviations are disregarded. Finally, differences in the composite means ('BSO warm summers' minus 'BSO cold summers') are calculated for the boxes for which data from at least 10 stations contribute to the composite in each of the two epochs. Typically, a hundred or more stations contribute in the open water areas of the Barents and Greenland Seas (see the thick black contour in Fig. 1a for the summer mean ice edge location based on the sea ice concentration data used in the NCEP/NCAR reanalysis). For instance, more than 100 stations are found in both epochs in 47 out of 80 boxes in the whole area between 70 • and 80 • N from Greenland to Novaya Zemlya. The significance of the composite mean difference is tested using a t-statistic with the number of degrees of freedom determined from the temperature variances in both epochs (von Storch and Zwiers 1999, p. 113) .
Atmospheric data
Seasonal (4-month)-mean atmospheric fields are constructed using monthly or daily mean data at constant pressure levels from the NCEP/NCAR reanalysis on a 2.5 • latitude ×2.5 • longitude grid (Kalnay et al. 1996) . The monthly fields include the geopotential height Z, meridional (v, positive northward) and zonal (u, positive eastward) components of the wind velocity u, temperature T and potential temperature θ. In addition, the net total surface heat flux (positive upward) from the NCEP/NCAR reanalysis on the T62 (∼ 2 • long × ∼ 2 • lat) grid is used.
The geostrophic wind u g at selected pressure levels and an estimate of the average temperature T ∆Z between an upper level p u and a lower level p l are calculated as follows:
where g, f, k, ∇ h , and R a are acceleration due to gravity, the Coriolis parameter, a vertical unit vector, the horizontal gradient operator, and the gas constant of air, respectively. The potential temperature is used to calculate the buoyancy frequency N = [(g/θ)(∂θ/∂z)] 1/2 in log-pressure coordinates z = −H ln(p/p s ), where p is pressure, p s is pressure at the surface (assumed equal to 1000 hPa), and H is a scale height (assumed equal to 8.5 km). The buoyancy frequency and wind velocity are used to calculate the Eady baroclinic (1)
instability growth rate maximum (e.g., Hoskins and Valdes 1990) The daily data are used to calculate seasonal averages (denoted by an overbar) of covariances between synoptic anomalies (denoted by a prime). The selected covariances include the storm track activity
, and the eastward and poleward components of the eddy heat flux, u ′ T ′ and v ′ T ′ , respectively. Following Trenberth (1986) , a 2-6 day high-pass filter with weights [-1 -3 -5 18 -5 -3 -1]/24 is used to calculate the primed variables.
Regression analysis
The seasonal mean atmospheric fields are linearly detrended and then linearly regressed onto the AWT index. To assess the statistical significance of the correlation r between the AWT index and local or area-averaged atmospheric anomalies, the probability that the correlation could be produced by random noise is estimated using a two-tailed Students's t test. To account for the serial correlation in the time series, the statistical significance tests are carried out using an effective sample size N e instead of the actual sample size (24). The effective sample size is estimated using a formula based on Eq. (30) in Bretherton et al. (1999) . A typical value of N e is 13-19. This is shown in Table 1 , which also gives r and its effective confidence level (s e ) for the variables listed in the first column and discussed later.
Statistical field significance is estimated following the procedure introduced by Livezey and Chen (1983) . First, local correlations of a given scalar field F with the AWT index are obtained. Then, the total area A FI where these correlations are statistically significant at the
95 % confidence level is calculated for a given mapping domain. Next, the corresponding area A FN is obtained for 500 Monte Carlo trials in which the AWT index is replaced with a random time series. The random time series are constructed by shuffling the values of the AWT index. Finally, the field significance s is calculated as percent of the Monte Carlo trials with A FN < A FI . The larger s is, the lower the probability is that the observed pattern of significant correlations between F and the AWT index occurred by chance. The same procedure is applied to estimate the field significance s and s φ for the zonal and meridional components of the vector quantities, respectively. For comparison, some atmospheric fields are also regressed onto the winter (DJFM) index of the NAO constructed by Hurrell (1995) . The updated NAO index was downloaded from http://www.cgd.ucar.edu/cas/jhurrell/, and then linearly detrended and renormalized for the period under study. Some variables are also regressed onto the AWT index after subtracting the NAO-associated signal from these variables. To this end, the time series of a variable X are replaced with the time series X −NAO defined as X −NAO = X − NAO × cov(X, NAO), where cov(X, NAO) is the covariance between X and the NAO index. In addition, regression patterns of winter SST anomalies are constructed using monthly mean fields of SST on a 1 • lattitude ×1 • longitude grid (Reynolds et al. 2002, downloaded in the North Pacific, poleward of 20 • N (e.g., Mantua et al. 1997 ).
Results
Covariations between the summer AWT index and concurrent oceanic heat anomalies in the Nordic seas
The summer AWT index used throughout this study is based on data from the relatively small BSO area (Fig. 1a) . However, it is a climatically relevant index of oceanic variability. In the BSO area, the Atlantic water conveyed to the Nordic seas in the upper limb of the Atlantic meridional overturning circulation bifurcates into two branches. One branch turns eastward toward the Barents Sea (e.g., Smedsrud et al. 2013 ) and the other branch continues northward to Fram Strait (e.g., Walczowski and Piechura 2007; Beszczynska-Möller et al. 2012) , and then to the Arctic Ocean (e.g., Rudels 2012; Polyakov et al. 2012) . Some Atlantic water also recirculates from Fram Strait to the Greenland Sea (e.g., Schlichtholz and Houssais 2002) . The seasonal mean summertime AWT anomalies in the BSO area are representative of a coherent subsurface temperature variability on, at least, the regional scale. This is illustrated in Fig. 1a , which shows the difference in the composite mean of the summer ocean temperature in the 50-150 m layer in the Nordic seas region between the 'BSO warm summers' and 'BSO cold summers'. Positive differences corresponding to in-phase variations with the AWT index of up to about 1 K are found in a lobe spreading over the entire Barents Sea and around the Greenland Sea. A lobe of negative differences appears to the south. The differences are statistically significant at the 99 % confidence level over most of the Nordic seas region (see the color shading in Fig. 1a ). The broad northern lobe explains why a simultaneous wintertime reduction of the sea ice extent in the Barents and Greenland Seas is so strongly linked to warm AWT anomalies observed in the BSO area during the preceding summer (Schlichtholz 2011) .
Relationship to large-scale anomalies of air temperature and wind in the following winter
Links of the large-scale atmospheric variability to oceanic heat anomalies in the Nordic seas are illustrated in Figs. 2 and 3. Figure 2 displays the AWT-associated winter anomalies of air temperature T near the surface (at 1000 hPa) and average air temperature T ∆Z in the entire troposphere (between 300 and 1000 hPa) north of 30 • N. Positive and negative anomalies of T and T ∆Z are plotted as red and blue contours, respectively. Anomalies that are statistically significant between the 90 and 95 % confidence levels are marked through pink and aquamarine shading, respectively. Yellow shading denotes anomalies of any sign that are significant at the 95 % or higher level. The corresponding anomaly patterns for geopotential height Z (contours) and geostrophic wind u g (arrows) at 1000 and 300 hPa are shown in Fig. 3 . The anomalies of u g are plotted only at locations where either the zonal or meridional components are significant at the 90 % or higher confidence level. Black arrows correspond to u g with either of the components significant at the 95 % or higher level. Gray arrows stand for u g with one or both components significant between the 90 and 95 % levels. The patterns in Figs. 2 and 3 correspond to the positive phase of the AWT index, that is, represent typical anomalous atmospheric conditions in winters following the summers with anomalously warm subsurface ocean temperature at the Barents Sea entrance. In the negative phase of the AWT index, the atmospheric anomalies have, by construction, the same patterns but opposite sign. The AWT-associated local surface atmospheric variability in the Nordic seas area is characterized by large temperature anomalies in the marginal ice zone (Fig. 2a , see the thick black contour for the ice edge location) and strong anomalous winds along a northeastward extension of the climatological Icelandic Low, that is, in the IcelandBarents Sea corridor (Fig. 3a) . In the positive phase of the AWT index, these winds blow into the Barents Sea along a common rim of an Arctic trough (negative height anomalies) and a sub-Arctic ridge (positive height anomalies) in the European sector (Fig. 3a) . This 'Scandinavian' ridge extends significantly southeastward towards the Caspian Sea. It is one of three cells appearing in a crescent-like belt of positive height anomalies encircling the Arctic trough. The second ('East-Asian') ridge is found in eastern Asia. The third ('East-Pacific') ridge appears over the Gulf of Alaska. A similar crescent-like sub-Arctic ridge with three distinct cells around an Arctic through centered over the Canadian Archipelago is found in the upper troposphere (Fig. 3b) .
The 'East-Pacific' ridge is equivalent barotropic, that is, exhibits geopotential height anomalies of a same sign in the upper and lower troposphere and a magnitude that decreases downward. The upper-tropospheric anomalies of Z in this ridge and of the corresponding anticyclonic (clockwise) wind reach about 40 gpm and 2.5 m s −1 per unit AWT index, respectively (Fig. 3b) . In contrast, the two anticyclones over Eurasia exhibit a baroclinic structure in the lower troposphere manifested by their southward spreading at the surface underneath a mid-latitude uppertropospheric trough (Fig. 3) . The westernmost cell of this trough, with significant cyclonic (counter-clockwise) wind anomalies around the Iberian Peninsula ('Iberian' trough), is equivalent barotropic. This is consistent with the general structure of wind variability in middle latitudes, characterized by barotropic profiles at the eastern ocean margins and baroclnic profiles over the continents (Blackmon et al. 1979) .
The pattern of average tropospheric temperature anomalies exhibits two equally strong (about 0.6 K per unit AWT index) hot spots (localized warm anomalies) located over the Barents Sea and Gulf of Alaska (Fig. 2b) . The deep Barents Sea hot spot and a weaker, shallow Greenland Sea hot spot (Fig. 2a) are driven by heating from below, and hence exhibit temperature anomalies that decrease with height. In contrast, the hot spot over the Gulf of Alaska has a weak surface signature, which reflects the equivalent barotropic character of the 'East-Pacific' anticyclone driven dynamically by upper-tropospheric processes. This hot spot is accompanied by a weaker, marginally significant cold spot in the Arctic trough.
Two major AWT-associated tropospheric cold spots are found over mid-latitude Eurasia, one in the 'Iberian' cyclone and another one in the Caspian Sea area (Fig. 2b) . Both seem to be trapped by orography (see the dark shading in Fig. 2 for approximate location of mountain ranges), but their vertical structure differs. This is illustrated in Fig. 4 , which displays a longitude-height cross-section of the AWT-associated winter anomalies of air temperature averaged between 35 • and 45 • N (thin contours and color shading) on the background of the corresponding correlations (thick black contours) and approximate orography (dark shading). Consistent with the equivalent barotropic character of the 'Iberian' cyclone, significant temperature anomalies in the western cold spot occur in the entire troposphere and have the largest amplitude at mid-tropospheric levels. The cold spot in the Caspian Sea area is significant in most of the troposphere and exhibits extreme temperature anomalies of about 1 K per unit AWT index at the surface. Another cold spot appears in the Far East Asia (Fig. 2a) , in the southernmost surface corner of the 'East-Asian' anticyclone (Fig. 3a) . In this baroclinic zone significant temperature anomalies do not, however, extend beyond the boundary layer (Fig. 4) . Noteworthy is also co-existence of the Eurasian tropospheric cold spots with warm air temperature anomalies in the lowermost stratosphere (Fig. 4) , which indicates that the AWT-associated upper-level processes involve tropopause movements.
The shallow cold spot in the Far East Asia has an advective origin. This is suggested by a southward deflection of the anomalous low-level zonal winds impinging from east (a) (b) Fig. 2 Winter (DJFM) anomalies of a air temperature T at 1000 hPa and b average air temperature T ∆Z in the layer 300-1000 hPa regressed onto the previous summer (JJAS) AWT index. The red and blue contours represent positive and negative anomalies, respectively. The CI is 0.2 K per unit AWT index. The zero contour is omitted. Pink and aquamarine shading denote, respectively, positive and negative anomalies statistically significant between the 90 and 95 % confidence levels. Anomalies significant at the 95 % or higher confidence level are marked by yellow shading. The thick black line shows the climatological winter ice edge (15 % sea ice concentration contour). Dark shading masks areas with orography above 1000 m. The values of s on the right-hand side of the subplots are Monte Carlo estimates of field significance for the anomalies in the mapped area. In a, the big and small green boxes delineate the Nordic seas and Barents Sea opening area, respectively. In a and b, the magenta box delineates the area for averaging temperature (see Table 1 and Fig. 6c ) and buoyancy frequency (see Fig. 6a ), respectively ◂ onto the Asian continent (Fig. 3a) and further supported by Fig. 5. In Fig. 5 , the two Eurasian cold spots embedded in the baroclinic zones of the surface anticyclones (shading) are shown on the backround of the AWT-associated winter wind anomalies at 1000 hPa (arrows) and the corresponding climatological mean of air temperature (thick contours). Evidently, the anomalous winds over the Far East Asia advect cold air southwestward, maintaining the observed cold anomaly. A southwestward advection (a) (b) Fig. 3 Winter anomalies of geopotential height Z (contours and shading) and geostrophic wind u g (arrows) at a 1000 hPa and b 300 hPa regressed onto the previous summer AWT index. The CI is 2.5 gpm per unit AWT index. The contour and shading colors are explained in the caption to Fig. 2 . The anomalies of u g are in m s −1 per unit AWT index (scaled as in the inlet, subsampled in longitude and masked if both components are nonsignificant at the 90 % confidence level). Black arrows correspond to u g with the zonal or meridional components significant at the 95 % or higher confidence level. Gray arrows correspond to u g with the zonal or meridional components significant between the 90 and 95 % confidence levels but none of them significant at the 95 % or higher confidence level. The values of s and s = (s , s φ ) on the right-hand side of the subplots are Monte Carlo estimates of field significance for, respectively, Z and the zonal and meridional components of u g in the mapped area. In b, the magenta box delineates the area for averaging zonal wind (see Table 1 and Fig. 6b ) The yellow and aquamarine shading corresponds to significant anomalies of air temperature at 1000 hPa from Fig. 2a . The magenta box delineates the area for averaging meridional wind (see Table 1 )
of cold air by the anomalous winds drives also the cold spot in the Caspian Sea area or leads, at least, to its surface amplification. Amplification of surface anticyclones on intraseasonal time scales by upper-level processes in the presence of strong background temperature gradients is a known process contributing to, for instance, a strengthening of the cold Siberian High (Takaya and Nakamura 2005) . Temporal consistency of the local atmospheric response to oceanic forcing in the Nordic seas region and remote atmospheric variability is checked in Fig. 6 . It displays selected area-averaged atmospheric anomalies regressed onto the summer AWT index (thin contours and shading) as a function of time (from lag 0 to lag 12 months) and pressure. The corresponding correlations are shown as thick black contours. Consistent with anomalous heating by the ocean, the vertical static stability anomalies averaged over the Barents Sea (magenta box in Fig. 2b ) first appear at the surface in early autumn at lag 2 months (Fig. 6a) . They spread throughout the lower troposphere in late autumn (lag 4 months) and reach extreme values at the surface from early to late winter (lags 5-7 months). In the same area, tropospheric temperature anomalies become significant at the surface in late autumn, reach the tropopause in early winter, and attain their largest amplitude and highest correlation with the AWT index at the surface in winter at lag 6 months (Schlichtholz 2014) . Remote atmospheric anomalies evolve similarly. They generally become significant in late autumn and are best correlated with the AWT index in winter. This is shown in Fig. 6b for the zonal wind in the Alaskan branch (magenta box in Fig. 3b ) of the 'East-Pacific' anticyclone and in Fig. 6c for the air temperature over mid-latitude Eurasia. The temperature anomalies in Fig. 6c are averages over an area encompassing all Eurasian cold spots between 35 • and 45 • N (magenta box in Fig. 2a) . The maximum correlations of the AWT index with these averaged temperature anomalies and with the meridional wind anomalies on the southeastern rim of the 'East-Asian' anticyclone (averaged over the magenta box in Fig. 5 ) occur at 1000 hPa. These correlations as well as the correlation for the areaaveraged zonal wind at 300 hPa over Alaska are included in Table 1 .
Localised high correlations in remote regions do not automatically imply a casual link to oceanic conditions in the Nordic seas. However, the field significance calculated Table 2 ). This estimate of field significance is still moderate but, as discussed in Sect. 4.1, it may be too conservative.
Relationship to storm tracks
As mentioned in the introduction, observational and reanalysis data show that wintertime sea ice conditions in the Barents and Greenland Seas depend on earlier oceanic heat anomalies (Schlichtholz 2011; Nakanowatari et al. 2014) . Synoptic reanalysis data reveal that wintertime sea ice anomalies in the Barents Sea affect surface conditions over Eurasia via modification of cyclonic pathways in the downstream region (Inoue et al. 2012 ). Numerical models show that the atmospheric response to wintertime Arctic sea ice anomalies depends on transient eddy feedbacks which, through nonlinear eddy fluxes of vorticity and heat, modify the local baroclinic response into an equivalent barotropic response of a hemispheric extent (e.g., Alexander et al. 2004; Deser et al. 2004 ). The same data as used here indicate that the AWT-associated convergences in eddy fluxes of heat and vorticity play an important role in the wintertime atmospheric heat and vorticity budgets over the Nordic seas (Schlichtholz 2014) . Therefore, oceanic forcing in this region is likely to influence the large-scale weather systems and atmospheric circulation through eddy-mean flow feedbacks. Large-scale weather systems originate mainly from baroclinic instabilities (e.g., Hoskins and Valdes 1990), a suitable measure of which is the Eady growth rate σ BI defined in Eq. (2). This parameter is proportional to the magnitude of the vertical shear of the horizontal wind and inversely proportional to the vertical static stability of the atmosphere. In the Nordic seas region, significant AWTassociated anomalous diabatic heating of the atmosphere starts in early autumn (Schlichtholz 2014 ) and leads to significant static stability anomalies that grow to winter (Fig. 6a) . The reduced stability corresponding to anomalously warm ocean should trigger an earlier than normal onset of instability in baroclinic waves, leading to synoptic disturbances that affect the propagation of planetary waves and mean winds. The disturbed atmospheric circulation should then reorganize the eddy field, which should further modify the wind field. A similar scenario was proposed in the context of atmospheric links to August-September sea ice anomalies in the Siberian sector of the Arctic Ocean (Jaiser et al. 2012 ).
In the fully developed stage of eddy-mean flow interactions, the Eady growth rate depends strongly on the vertical shear of wind anomalies. This is illustrated in Fig. 7 , which displays the AWT-associated winter anomalies of the wind velocity difference between 500 and 850 hPa (arrows) on the background of the corresponding anomalies of σ BI at 700 hPa (contours and shading). Warm AWT anomalies lead to a deeper than normal protrusion of the Atlantic zone of high baroclinicity into the Arctic, which is seen in Fig. 7 as a lobe of strengthened baroclinicity (positive anomalies of σ BI ) along the northern rim of the Nordic seas hot spots (Fig. 2) . A general rule is that significant increase in the Eady growth rate, as in the Arctic lobe or a lobe over Alaska, corresponds to significant westerly anomalies of the vertical wind shear while significant decrease in the Eady growth rate, as in the southern elongated lobe that spreads over northern Eurasia and across the mid-latitude North Pacific, corresponds to significant easterly anomalies of the vertical wind shear. This indicates that oceanic forcing in the Nordic seas may indeed reorganize the storm tracks. To show that the latter are affected, Fig. 8a displays the AWT-associated winter anomalies of the storm track The Atlantic storm track responds to warm AWT anomalies by a northeastward migration, seen in Fig. 8a as a strengthening of eddy activity (positive anomalies of Z ′ Z ′ 1/2 ) over the Barents Sea and its weakening (negative anomalies of Z ′ Z ′ 1/2 ) over western Europe and the Caspian Sea area. Simultaneous changes are also observed in the Pacific storm track. A general rule is that the reduced eddy activity in middle latitudes corresponds to a slacking of the prevailing upper-level westerlies (easterly wind anomalies) while the intensified eddy activity in the Arctic region corresponds to a strengthening of the prevailing westerlies (Fig. 3b) . Starting from late autumn, the eddy activity anomalies are significant throughout the troposphere and reach an extreme magnitude near the tropopause in winter. This is shown by the time-height development of the (a) (b) Fig. 8 As Fig. 2 except for winter anomalies of a storm track activity Z ′ Z ′ 1/2 at 250 hPa and b poleward synoptic eddy heat flux v ′ T ′ at 925 hPa. In a and b, the CI is 1 gpm and 0.2 K m s −1 per unit AWT index, respectively. In a, the thick black contours show winter climatology of Z ′ Z ′ 1/2 (in gpm) at 250 hPa. In a and b, the magenta box delineates the area for averaging Z ′ Z ′ 1/2 and v ′ T ′ (see Table 1 and Fig. 9a, b) , respectively Fig. 8a ), b poleward synoptic eddy heat flux averaged over western Eurasia (magenta box in Fig. 8b ), and c horizontal synoptic eddy heat flux convergence averaged over mid-latitude Eurasia (magenta box in Fig. 2a) . In a-c, the CI is 0.4 gpm, 5 × 10 −2 K m s −1 and 5 × 10 −3 K day −1 per unit AWT index, respectively anomalies of Z ′ Z ′ 1/2 averaged across the North Pacific and Eurasia (Fig. 9a) , in the area where they are most significant (magenta box in Fig. 8a ). The highest correlation of these averaged anomalies with the AWT index, occurring at 250 hPa, is included in Table 1 . Large mid-latitude lobes of significant AWT-associated winter anomalies are found not only in the storm track activity but also in other synoptic fields. In contrast to the anomalies of the storm track activity, eddy kinetic energy and zonal eddy heat flux, which all exhibit their highest field significance near the tropopause (200-250 hPa), the anomalies of the meridional eddy heat flux have their highest field significance at 925 hPa. This is shown in Table 3 , which gives the values of s for the entire area north of 30 • N at the levels at which these values are the largest in winter. Locally, the most significant anomalies of v ′ T ′ at 925 hPa occur over Eurasia and in the entrance area of the Pacific storm track (Fig. 8b) . In both regions, the anomalies of v ′ T ′ are negative indicating a reduction of the poleward eddy heat flux during the positive phase of the AWT index. As in the case of Z ′ Z ′ 1/2 , the anomalies of v ′ T ′ are extreme and most significant in winter. This is illustrated in Fig. 9b , which displays the time-height development of the anomalies of v ′ T ′ in western Eurasia, averaged over the magenta box in Fig. 8b . The maximum correlation of the AWT index with these averaged anomalies, occurring at 925 hPa, is included in Table 1 .
The vertical gradient of v ′ T ′ /S, where S is the static stability of a basic state, represents a baroclinic forcing of the zonal flow. An analogous baroclinic forcing is exerted on the meridional flow by the vertical gradient of −u ′ T ′ /S (e.g., Trenberth 1986 ). Therefore, the anomalous eddy heat fluxes may contribute to the wind anomalies maintaining the surface cold spots over Eurasia (Figs. 2a and 5) . At the same time, these fluxes tend to destroy the cold spots. Their restoring effect on temperature anomalies is illustrated in 
(a) Fig. 10 Comparison of winter (DJFM) atmospheric anomalies regressed onto the concurrent NAO index and previous summer (JJAS) AWT index: a NAO-associated geopotential height (thin contours and shading) and AWT-associated geostrophic wind (arrows; color convention as in Fig. 3 ) at 850 hPa, and b average air temperature in the layer 850-1000 hPa associated with the NAO (thin contours and shading) and AWT (thick contours with CI of 0.25 K per unit AWT index). In a and b, the CI for the thin contours is 5 gpm and 0.25 K per unit NAO index, respectively. The contour and shading color convention as in Fig. 2 Fig . 9c . It shows the time-height development of the anomalous horizontal eddy heat flux convergence −∇ h · u ′ T ′ averaged over the magenta box in Fig. 2a , that is, over the same area as used in averaging the temperature anomalies shown in Fig. 6c . Clearly, cold anomalies persist in spite of the significant warming tendency owing to anomalous eddy heat flux convergence.
Discussion
Link to the North Atlantic Oscillation
While it is commonly recognized that the ocean plays a key role in the tropical climate variability, the NAO has long been regarded as being principally driven by internal atmospheric dynamics and, consequently, as being largely unpredictable from the sea surface temperature on the seasonalto-interannual time scale (e.g., Kushnir et al. 2006) . There is, however, growing evidence that some seasonal predictability of the winter NAO exists owing to its response to slow changes in other boundary conditions, the continental snow cover (e.g., Cohen and Jones 2011; Orsolini et al. 2013) and Arctic sea ice extent (e.g., Wu and Zhang 2010; Li and Wang 2013) in particular. Latest seasonal forecast systems provide new evidence that the winter NAO and, consequently, many aspects of European and North American winter climate are highly predictable months ahead (e.g., Scaife et al. 2014; MacLachlan et al. 2014) . The predictable signal in the NAO arises from teleconnections to tropical phenomena, such as ENSO and the quasi-biennial oscillation in the lower stratosphere, and also to anomalies in the North Atlantic Ocean heat content in the subpolar gyre and sea ice extent in the Kara Sea ). The NAO not only controls large-scale atmospheric conditions, but it also influences oceanic variability. In particular, our summer AWT index is significantly linked to the NAO index of previous winters (Schlichtholz and Houssais 2011) . However, it is not correlated with the NAO index of the following winter (r = −0.06). Consequently, the climatic impacts associated with the high-latitude ocean variability are complementary to the concurrent impacts of the NAO. Indeed, spatial patterns of AWT-associated anomalies appear in quadrature with the concurrent NAOassociated anomalies. An example is shown in Fig. 10a where the AWT-associated winter anomalies of geostrophic wind at 850 hPa (arrows) are superimposed onto the corresponding NAO-associated anomalies of geopotential height (contours and shading). Another example is given in Fig. 10b where the AWT-associated winter anomalies of average temperature between 850 and 1000 hPa (thick contours) are compared with the corresponding NAO-associated anomalies (thin contours and shading). Removing the NAO-associated signal from the original atmospheric time series yields quite high estimates (about 95 %) of the field significance for the AWT-associated surface climate variables (see column s −NAO in Table 2 ). Consistent with these findings, none of the wintertime area-averaged atmospheric variables that are strongly linked to the previous summer AWT index (listed in Table 1 ) are significantly correlated with the concurrent NAO index (see Table 4 , upper row).
Comparison with some studies of atmospheric links to anomalous sea ice cover in the Barents Sea
We have shown that a wintertime 'warm Arctic-cold Eurasia' pattern of surface air temperature emerges in the positive phase of the AWT index (Fig. 2) . Similar patterns are also a characteristic of wintertime atmospheric response to Arctic sea ice reduction, to sea ice reduction in the Barents and Kara Seas in particular (e.g., Honda et al. 2009; Petoukhov and Semenov 2010; Kim et al. 2014) . The continental lobe of these patterns is typically located farther north than the AWT-associated cold spots. Several studies associate this lobe with a negative phase of the Arctic Oscillation (a hemispheric counterpart of the NAO) promoted by the sea ice deficit (e.g., Kim et al. 2014) . As shown in the previous section, the AWT-associated atmospheric anomalies are decoupled from the NAO, both in time and space. A distinct character of these anomalies may reflect a particular timing and/or location at which the ocean affects sea ice, which is also influenced by independent atmospheric drivers. For instance, the difference in composite means of the November-December sea ice concentration investigated by Kim et al. (2014, their Fig. 1 ) in relation to the largescale atmospheric circulation exhibits in-phase and equally strong anomalies in the Barents and Kara Seas. By contrast, anomalously warm AWT in the BSO area corresponds to sea ice reduction in the Barents and Greenland Seas, and no sea ice anomalies in the Kara Sea (Schlichtholz 2014, his Fig. 3) . Moreover, the sea ice anomalies in the composite field of Kim et al. (2014) spread zonally along the northern part of the Barents Sea while in the AWT-associated pattern they mainly appear in the eastern part of the Barents Sea. This seemingly small detail may be essential since the leading mode of wintertime variability in the Barents Sea ice cover exhibits a zonal monopole in the northern Barents Sea that is driven by anomalous meridional winds (Herbaut et al. 2015) . Such winds rather precede than follow the summertime AWT anomalies in the BSO area (Schlichtholz and Houssais 2011; Schlichtholz 2013) . We have identified, based on an Eulerian method, strong links of wintertime storm tracks to the AWT anomalies. In particular, when the AWT anomaly is positive, the poleward synoptic eddy heat flux increases in the northern part of the Atlantic storm track and decreases over western Eurasia (Fig. 8b) . This spatial pattern of synoptic heat flux changes corresponds qualitatively to the northward shift of the storm track in the Nordic seas region related to light ice conditions in the Barents Sea. Such a shift was demonstrated by Inoue et al. (2012) based on data from a cyclone identification and tracking algorithm applied to 6-hourly sea level pressure from the NCEP/NCAR reanalysis. The composite anomalies of wintertime synoptic cyclone characteristics and the corresponding anomalies of the mean sea level pressure and air temperature investigated by Inoue et al. (2012) led these authors to the conclusion that the northward shift in the cyclone paths triggered by reduction in the Barents Sea ice cover is a driving mechanism for the anomalous atmospheric circulation that maintains the 'warm Arctic-cold Eurasia' anomaly. The centers of action in the anomaly patterns shown by Inoue et al. (2012) and here appear at slightly different locations. For instance, the anomalous continental high associated with the sea ice decline in the Barents Sea extends from the coastal area of Siberia to Scandinavia (Inoue et al. 2012, their Figs. 3a and 7a) while the corresponding AWT-associated high is more significant in two distinct cores located farther south (Fig. 3a) . Such discrepancies may again be attributed to somewhat different ocean boundary conditions in the two cases.
In a recent study, based on observations in the 1979-2013 period and climate model simulations, Mori et al. (2014) show that the two leading modes of the winter (DJF) mean air temperature variability in the Eurasian sector (20 • -90 • N, 0 • -180 • E) correspond to the NAO thermal pattern and the 'warm Arctic-cold Eurasia' pattern, respectively, and that the principal component time series of the latter mode is highly correlated (r = −0.81) with the area-averaged anomalies of sea ice concentration in the Barents and Kara Seas. They also show that the 'warm Arctic-cold Eurasia' mode stayed persistently in its positive phase after the winter 2004/2005 and that it is more likely that this mode rather than the NAO was responsible for increased frequency of severe winters in recent years. The positive phase of the 'warm Arctic-cold Eurasia' mode exhibited the largest amplitude in winters /2012 (Mori et al. 2014 Fig. 2) . The first two of these winters followed the two summers (2004 and 2005) with the highest AWT in the entire 1982-2005 record (Fig. 1b) . Therefore, it is possible that oceanic forcing contributed to the cold Eurasian winters in . Herbaut et al. (2015 argue that the impact of the ocean on the Barents Sea ice cover diminished after 2004 when an abrupt northward retreat of the ice margin occurred. However, their time series of observed winter (JFM) sea ice anomalies in the northeastern Barents Sea over the period 2005-2012 evolves consistently with their index of observed AWT in the BSO during the preceding winter, except for the winter 2012. A strong anomalous sea ice decline in that winter was preceded by a negative AWT anomaly in the winter 2011 (Herbaut et al. 2015, their Fig. 18c ; note that the AWT index shown in that figure has the opposite sign to the actual temperature anomalies). The latter discrepancy does not exclude the ocean from potential drivers of the extremely strong 'warm Arctic-cold Eurasia' mode in the winter 2011/2012. A warm oceanic anomaly might have been generated by air-sea interactions downstream of the BSO area during the late winter 2011, which could then inhibit sea ice formation in the following winter. The abnormal sea ice decline in the winter 2011/2012 and the corresponding extreme cold in Eurasia might as well have been triggered by remote oceanic forcing from the North Atlantic through the mechanism proposed by Sato et al. (2014) (see the section below).
Link to anomalies of sea surface temperature in the North Atlantic
In addition to the anomalies driven by oceanic influences on sea ice, the AWT-associated atmospheric variability may include a signal forced in the open water areas of the ocean, in the Nordic seas or elsewhere. This possibility is suggested by the pattern of the AWT-associated winter SST anomalies in the North Atlantic/Nordic seas region (Fig. 11a) . The pattern exhibits a lobe of positive anomalies in the Nordic seas and another lobe in the Gulf Stream area. The two lobes are separated by a lobe of negative anomalies in the subpolar region. Weaker lobes of negative anomalies appear also to the south and east of the Gulf Stream area. Maximum local correlations with the AWT index are higher in the Nordic seas and the subpolar gyre (|r| > 0.8) than in the other lobes (|r| < 0.6).
The SST anomaly pattern in Fig. 11a is consistent with a study by Sato et al. (2014) based on the NCEP CFSR data. These authors suggest that poleward shift of an SST front over the Gulf Stream induces warm southerly advection and consequent sea ice reduction over the Barents Sea, and a cold anomaly over Eurasia via planetary waves triggered over the Gulf Stream region. The sea ice anomaly in the Barents Sea then amplifies locally the warm advective anomaly, promoting a 'warm Arctic-cold Eurasia' pattern. This mechanism may be complementary to the forcing by oceanic heat anomalies in the Nordic seas. Indeed, the composite sea ice drift and sea level pressure anomaly patterns for December which Sato et al. (2014, their Figs. 1 and 2) show in support of their hypothesis do not correspond to the AWT-associated surface wind pattern (Fig. 3a) . They correspond to meridional wind anomalies over the entire Nordic seas region while the AWT-associated winds have a strong zonal component in the BSO area.
The south-westerly and westerly surface winds in the Iceland-Barents Sea corridor associated with positive AWT anomalies (Fig. 3a) imply increased wind-driven inflow to the Barents Sea (e.g., Ingvaldsen et al. 2004 ) and thus a positive feedback that can enhance the heat transport. Such a positive feedback has been suggested as an amplifier of climate variability in the Barents Sea region (e.g., Ådland-svik and Loeng 1991; Schlichtholz 2013 ) and the whole Arctic (e.g., Bengtsson et al. 2004; Semenov et al. 2009 ). The present study indicates that this feedback may also contribute to the 'warm Arctic-cold Eurasia' pattern and wintertime atmospheric variability in other regions as well. Schlichtholz (2013) postulated that oceanic heat anomalies that trigger this feedback are to a large extent formed in the deep mixed layer by local air-sea interactions in the Nordic seas during the winter/spring season and reemerge on the surface during the following autumn/winter season. A strong influence of reemerging SST anomalies on the wintertime sea ice cover in the Nordic seas was highlighted by Schlichtholz (2011) and corroborated by Nakanowatari et al. (2014) . Nakanowatari et al. (2014) argued, based on the same dataset as used by Sato et al. (2014) , that oceanic heat anomalies that reemerge on the surface in the Barents Sea originate mainly from the subpolar gyre in the North Atlantic, from where they are advected to the BSO area in about three years. Evidently, a further research is needed to quantify local and remote contributions to the climate feedbacks in the Nordic seas region and their role in shaping the large-scale atmospheric variability.
The scenario in which the large-scale atmospheric anomalies investigated here are to a large extent driven by oceanic forcing in the Nordic seas region is consistent with the co-variability of the winter SST anomalies with the atmospheric anomalies related most significantly to the previous summer AWT index. As an example, Fig. 11b displays the pattern of winter SST anomalies in the North Atlantic/Nordic seas region regressed onto the concurrent poleward eddy heat flux in western Eurasia (averaged over the magenta box in Fig. 8b ). The pattern mirrors the corresponding pattern of the AWT-associated SST anomalies (Fig. 11a) . The strongest lobe in both patterns is the one in the Greenland Sea. The maximum local correlation of the SST anomalies in this area with the averaged eddy heat flux in western Eurasia is as high as −0.84.
Link to air-sea interaction over the North Pacific
While the regional response in the Atlantic-European sector described by Schlichtholz (2014) is directly related to AWT and associated surface heat flux anomalies, the remote response in the North Pacific domain may as well be linked to the local forcing. While a thorough investigation of this problem is beyond the scope of the present study, a few comments on possible links to air-sea interaction over the North Pacific are given below. To begin with we recall that winter weather in the extratropical North Pacific sector depends strongly on ENSO, a coupled ocean-atmosphere phenomenon in the tropical Pacific that is the dominant mode of interannual variability globally (e.g., Rasmusson and Wallace 1983). The ENSO teleconections are also major drivers of SST anomalies in the extratropical North Pacific (e.g. Alexander et al. 2002) . The AWT index is, however, not correlated with either ENSO (r = −0.08 for the following winter NINO3.4 index) or the related dominant mode of SST variability in the extratropical North Pacific (r = −0.14 for the following winter PDO index).
Neither the wintertime area-averaged atmospheric variables that correlate highly with the previous summer AWT index (listed in Table 1 ) are significantly linked to the concurrent NINO3.4 or PDO indices, except for the zonal wind over Alaska (Table 4 ). The latter is significantly, albeit moderately (r = −0.48), related to the PDO. Some atmospheric anomalies in the North Pacific domain and beyond may be driven by regional SST anomalies that are not linked to the concurrent ENSO or PDO (e.g. Frankignoul and Sennéchael 2007) . Such anomalies may arise from, for instance, meridional shifts of the Kuroshio/Oyashio extensions. However, the strongest upper-tropospheric center of action associated with these shifts appears over the western North Pacific (Frankignoul et al. 2011, their Fig. 8) . In contrast, the strongest center of action in the AWT-associated upper-level geopotential height anomalies is found over the Gulf of Alaska (Fig. 3b ).
An abnormal ridge over the Gulf of Alaska is a recurrent feature that may lead to persistent regional weather perturbations, such as droughts in California by blocking the storms. A particularly strong event of this type was observed in winter 2013/2014. Wang et al. (2014) attributed this event to an ENSO precursor in the subtropical west Pacific. The event might have also been triggered by SST anomalies in the tropical west Pacific (Hartmann 2015) . The possible modulation of such events by forcing from the North Atlantic/Nordic seas sector, which may distort the North Pacific storm track (Fig. 8a) , warrants further investigation.
Significant AWT-associated wintertime SST anomalies, albeit weaker than in the North Atlantic, are also found in the North Pacific (Fig. 12a) . SST anomalies of the same sign as the AWT anomalies appear in two lobes. The lobe that extends zonally along the North Pacific Current has a significant center of action located under the southern edge of the anomalous atmospheric ridge in the Gulf of Alaska (see Fig. 3 ). The lobe that extends from the western equatorial Pacific to California is significant in the California Current. These lobes encircle SST anomalies of the opposite sign in the Kuroshio/Kuroshio extension/western North Pacific subtropical gyre region. SST anomalies of the same sign as in this region appear in the eastern tropical Pacific. Higher local correlations with the AWT index are found in the subtropical lobe (r up to −0.7) than in either (2015) globally (from 60 • S to 60 • N), lack evident anomalies in the areas of the North Atlantic where significant AWT-associated SST anomalies are observed (Fig. 11a) . Moreover, none of them has a strong signal in the subtropical west Pacific where the SST anomalies correlate with the AWT index even higher than the SST anomalies in the Gulf Stream area do. Therefore, the Atlantic-Pacific SST link does not correspond to the major modes of variability in the Pacific. This conclusion does not exclude the possibility that the AWT-associated atmospheric anomalies in the Pacific sector are driven by concurrent local air-sea interaction or that the AWT-associated SST anomalies in this sector are footprints of earlier local air-sea interaction. However, it leaves room for a different scenario, namely, that the AWT-associated changes of the large-scale atmospheric circulation serve as a 'bridge' that transmits oceanic anomalies from the extratropical North Atlantic to the extratropical North Pacific.
The latter scenario can be neither confirmed nor rejected on the basis of the AWT-associated winter surface heat flux anomalies in the North Pacific region (Fig. 12b) . In the extratropics, these anomalies generally have the sign suggesting atmospheric forcing of the ocean. In the positive phase of the AWT index, they correspond to cooling of the ocean in the west where cold AWT-associated SST anomalies are observed and to warming of the ocean in the east where warm AWT-associated SST anomalies are observed (Fig. 12a) . In addition to the surface thermodynamic forcing, the observed SST anomalies may be generated dynamically via anomalous ocean currents driven by the AWT-associated wind anomalies. A dynamic origin may have, for instance, the warm SST anomaly found under the southern branch of the atmospheric anticyclone that develops over the Gulf of Alaska. Anomalous horizontal advection of mean temperature via the northward Ekman transport driven by the anomalous easterlies (Fig. 3a) should indeed generate a warm SST anomaly in this area. Anomalous Ekman pumping may also contribute to this anomaly. At the same time, a dynamic cooling of the mixed layer may buffer reduction in the oceanic heat loss to the atmosphere observed off Alaska (Fig. 12b) . In any case, no evidence is found in the wintertime extratropical fields for substantial oceanic forcing of the atmosphere. In contrast, the anomalous SST lobe in the eastern tropical Pacific coexists with surface heat flux anomalies of the sign consistent with such a forcing. Therefore, the degree to which the AWT-associated atmospheric and oceanic anomalies in the Pacific sector represent a genuine response to oceanic forcing in the North Atlantic/Nordic seas region remains an open question.
Conclusions
A couple of previous studies investigated climate variability in the Nordic seas region in the period 1982 (Schlichtholz and Houssais 2011 Schlichtholz 2011 Schlichtholz , 2013 Schlichtholz , 2014 . All of them were based on a regression analysis between observed summertime anomalies of Atlantic water temperature in the Barents Sea opening area (summer AWT index), seasonal mean fields of observed sea surface temperature (and sea ice concentration), and seasonal mean atmospheric fields from the NCEP/NCAR reanalysis. Here we have used the same datasets to explore statistical links between the summer AWT index and atmospheric variability in the Northern Hemisphere extratropics during the following winter. While casual connections between the large-scale atmospheric variability and earlier oceanic heat anomalies cannot be definitely confirmed through regression analysis, our results highlight the relationship.
Our findings can be summarized as follows. Warm summer anomalies of Atlantic water in the Barents Sea opening area are followed by predominantly westerly wind anomalies in high latitudes and easterly wind anomalies in middle latitudes next winter. The mid-latitude wind anomalies, while being generally equivalent barotropic in the upper troposphere, have a strong low-level baroclinic contribution over Eurasia. The near-surface easterly wind anomalies in this region are locally deflected southward, maintaining cold spots near orography. As at the same time a strong warm anomaly is forced over the Barents and Greenland Seas, the lower-tropospheric temperature anomalies exhibit a 'warm Arctic-cold Eurasia' pattern in the positive phase of the AWT index, and conversely, a 'cold Arctic-warm Eurasia' pattern in the negative phase of the AWT index. The 'warm Arctic-cold Eurasia' pattern coexists with a hot spot in an anomalous equivalent-barotropic anticyclone that develops over the Gulf of Alaska.
We have hypothesized that synoptic eddies play a key role in maintaining the AWT-associated remote wind anomalies. In the positive phase of the AWT index, the upper-tropospheric storm track activity is enhanced in the Arctic region while it is reduced in middle latitudes, in both the Atlantic and Pacific sector. At low tropospheric levels, the poleward eddy heat flux is increased in the northern part of the Atlantic storm track while it is decreased in its southern part. These relationships may, at least partly, represent a remote atmospheric response to oceanically-driven sea ice anomalies in the Barents and Greenland Seas. Such a scenario is qualitatively consistent with the findings of Inoue et al. (2012) who showed that wintertime atmospheric anomalies over Eurasia are linked to changes in the Barents Sea ice cover via a shift of the storm track in the Nordic seas region. Another mechanism through which oceanic heat variability in this region can affect the large-scale atmospheric circulation may be related to planetary waves. Anomalous planetary waves excited by surface heating in the eastern Arctic have been suggested as a major driver of winter response to, for instance, summer/autumn sea ice anomalies (e.g., Honda et al. 2009; Nakamura et al. 2015) . Whether this mechanism plays any role in the AWT-associated wintertime response is currently under investigation.
We have shown that the AWT index represents a coherent system of summertime subsurface ocean heat anomalies in the Nordic seas. These anomalies should reemerge on the surface near the ice edge during the cooling season and then influence the sea ice extent, atmospheric static stability in the marginal ice zone and eddy-mean flow interactions. We have also shown that significant AWT-associated wintertime SST anomalies appear in the entire Nordic seas/ extratropical North Atlantic region. The SST anomalies in the Nordic seas coexist with SST anomalies of the same sign in the Gulf Stream area and SST anomalies of the opposite sign elsewhere. Significant AWT-associated wintertime SST anomalies appear also in the extratropical North Pacific and tropical Pacific. This suggests that some of the relationships reported here may reflect atmospheric response to oceanic anomalies in the North Atlantic or Pacific Ocean. An alternative hypothesis, worth of further investigation, is that the AWT-associated large-scale atmospheric circulation works as a 'bridge' that transmits oceanic anomalies from the extratropical North Atlantic to the extratropical North Pacific.
The correlations compiled in Table 1 show that the relation of wintertime atmospheric variability to the previous summer AWT index is quite strong. This index explains about 40 % of the variance in the near-surface air temperature anomalies over mid-latitude Eurasia (r = −0.63 for T at 1000 hPa averaged from 35 • to 45 • N) and about 50 % of the variance in the meridional wind anomalies over the Far East Asia (r = −0.72 for v at 1000 hPa averaged from 35 • to 45 • N). It also explains about 35 % of the variance in the upper-tropospheric zonal wind anomalies over Alaska (r = 0.61 for u at 300 hPa). Moreover, it explains about 60 % of the variance in the upper-tropospheric storm track activity averaged over the mid-latitude Pacific and Eurasia (r = −0.77 for Z ′ Z ′ 1/2 at 250 hPa averaged from 35 • to 55 • N) and about 60 % of the variance in the lowlevel poleward synoptic eddy heat flux averaged over western Eurasia (r = −0.79 for v ′ T ′ at 925 hPa averaged from 45 • to 60 • N). The field significance of the AWT-associated anomalies north of 30 • N exceeds 95 % for all wintertime synoptic covariances analyzed here (Table 3) .
We have shown that the AWT-associated wintertime atmospheric variability is disconnected from the concurrent North Atlantic Oscillation. If the associations demonstrated in this study are robust, we would expect that inclusion of our AWT index or its equivalent into simple statistical prediction systems (e.g., Folland et al. 2012; Cohen and Jones 2011) should improve their ability to forecast wintertime regional climate variability. Skilful statistical predictions are of practical importance and serve as a benchmark for the more sophisticated dynamical prediction systems (e.g., Smith et al. 2012; Doblas-Reyes et al. 2013; MacLachlan et al. 2014 ). Links of mid-latitude winter climate anomalies to other promising predictors, such as summer/autumn Arctic sea ice extent or autumn snow cover over Eurasia happen to be nonstationary (e.g., Tang et al. 2013; Li and Wang 2013; Peings et al. 2013) . A statistical combination of these predictors with our's may reveal a higher and more robust predictability of the extratropical climate than previously thought.
Prior to constructing a statistical prediction system, we plan to extend our AWT index back in time and forward, beyond 2005, if sufficient number of hydrographic data are available or replace it with an alternative index of subsurface ocean heat variability. Construction of an oceanic predictor of the large-scale wintertime atmospheric variability based on SST anomalies is also envisaged. However, the study on the predictability of the Barents Sea ice cover by Nakanowatari et al. (2014) indicates that the SSTs might not be as useful a predictor as subsurface ocean temperatures.
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